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Abstract
Marine Protected Areas (MPAs) offer a unique opportunity to test the assumption that fish-
ing pressure affects some trophic groups more than others. Removal of larger predators
through fishing is often suggested to have positive flow-on effects for some lower trophic
groups, in which case protection from fishing should result in suppression of lower trophic
groups as predator populations recover. We tested this by assessing differences in the tro-
phic structure of reef fish communities associated with 79 MPAs and open-access sites
worldwide, using a standardised quantitative dataset on reef fish community structure. The
biomass of all major trophic groups (higher carnivores, benthic carnivores, planktivores and
herbivores) was significantly greater (by 40% - 200%) in effective no-take MPAs relative to
fished open-access areas. This effect was most pronounced for individuals in large size
classes, but with no size class of any trophic group showing signs of depressed biomass in
MPAs, as predicted from higher predator abundance. Thus, greater biomass in effective
MPAs implies that exploitation on shallow rocky and coral reefs negatively affects biomass
of all fish trophic groups and size classes. These direct effects of fishing on trophic structure
appear stronger than any top down effects on lower trophic levels that would be imposed by
intact predator populations. We propose that exploitation affects fish assemblages at all tro-
phic levels, and that local ecosystem function is generally modified by fishing.
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Introduction
Marine protected area (MPA) networks represent an experimental set of ecological plots with
reduced human extraction pressure. As such, MPAs provide an ideal focus for improved
understanding of broad-scale effects of protection through comparison of differences in fished
and protected areas [1]. Effective MPAs also provide a reference benchmark as undisturbed
ecosystems for comparison with sites with high human impact [2]. Nevertheless, many MPAs
do not appear to be effectively achieving conservation goals [3–6].
One widely predicted ecological consequence of fishing, which can be tested using MPAs, is
that trophic reorganization occurs as a result of decreased top-down control from exploited
populations of large fishes. According to this prediction, large predatory species that are dis-
proportionately targeted by fishers should benefit more fromMPAs than other groups, with
effects of increased predation pressure cascading through the food web and variably affecting
non-predatory species [7–10].
An example where an MPA was used to examine fish community restructuring comes
from northeastern New Zealand, where protection was found to reduce the density of some
small cryptic fish species within reserves with higher abundance of predators relative to
nearby open-access areas [11]. Likewise, most prey species of the fishery-targeted coral trout
(Plectropomus spp.) were less abundant in studied no-take zones in the Great Barrier Reef
Marine Park that had high coral trout biomass [10]. Reduced abundance and biomass of fish
prey species within MPAs were also noted in a global meta-analysis [7], indicative of possible
indirect effects of competition or predation. On the other hand, a lack of prey abundance
may limit predator growth [12] and abundance [13] demonstrating a bottom up effect on
community structure. We hypothesized that a general control of top-down processes by fish-
ing would result in a comparatively low biomass of smaller size classes of lower trophic
groups within effective MPAs, in which carnivore biomass was known to be high relative to
fished areas.
While predatory fishes are most heavily exploited, fishers can also target species in lower
trophic groups such as herbivores, which may lead to reduced grazing of macroalgae with
negative effects on live coral cover [14]. In the Caribbean, for example, the abundance of
large parrotfishes increased in MPAs, which resulted in a doubling of grazing pressure on
macroalgae, a major competitor of coral [15]. Such examples highlight the complex trophic
changes that can follow MPA establishment, and the potential importance of fish size as well
as trophic level when assessing trophic responses to fishing and protection. Other factors,
independent from direct trophic cascades, can also play a role in shaping the fish community
trophic structure [16]; spatial variability in recruitment, competition, isolation and oceano-
graphic conditions can all contribute to the variation in biomass of the different trophic
groups [3,17].
We use a global-scale dataset obtained with consistent survey methodology to test the gener-
ality of divergence in food webs in MPAs in relation to open-access sites as an indication of the
impacts of fishing on trophic structure. We address the following specific questions:
1. Do different levels of MPA protection differentially affect the biomass of the four major fish
trophic groups (higher carnivores, benthic carnivores, planktivores and herbivores)?
2. Do patterns in fish biomass partitioning among trophic groups across the global MPA net-
work support the trends in trophic restructuring observed in some individual MPAs? Spe-
cifically, is there a general trend for reduced biomass of non-target species in effective
MPAs where predator biomass is greater?
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Materials and Methods
Marine ecological survey data were collected worldwide through the Reef Life Survey program
(RLS: www.reeflifesurvey.org) from September 2006 until November 2012 (see Edgar and Stu-
art-Smith [18] for details). The following authorities gave permission for field studies: Australia
Department of Environment, Costa Rica Sistema Nacional de Areas de Conservacion, Galapa-
gos National Parks Service, NSW Department of Primary Industries, New Zealand Department
of Conservation, Panama Autoridad Nacional del Ambiente, Parks Victoria, Parques Nacio-
nales Naturales de Colombia, Rottnest Island Authority, South Australia Department of Envi-
ronment Water and Natural Resources, Tasmania Parks andWildlife Service, United States
Fish andWildlife Service, United States National Park Service, Western Australia Department
of Parks and Wildlife. Data covered 1,844 rocky and coral reef sites in 11 realms and 74 ecore-
gions [19] (Fig 1). The level of protection from fishing of each site was classed as no-take (no
fishing allowed), restricted fishing (some form of fishery restrictions in place), or open-access.
The ecological effectiveness of MPAs also depends on compliance with regulations and time
since declaration [3]. Here we considered no-take zones to be effective if they exhibited a
medium to high level of enforcement and had been established for at least five years prior to
the fish survey (S1 Table). MPAs at which limited fishing was allowed, where enforcement of
regulations was poor, and/or less than five years had elapsed since creation were considered
less effective. Sites were assessed for effective protection using information on zoning in man-
agement plans, patrolling capacity, and infractions observed while in the field undertaking sur-
veys, as described in Edgar et al. [3]. Open-access sites lay outside MPAs, or inside MPAs in
zones with no restrictions on fishing other than national regulations (e.g. no explosives). A
total of 79 MPAs were investigated, including some with multiple zones of differing effective-
ness. A total of 405 sites within 50 MPAs were classified as effective no-take areas, 509 sites
within 54 MPA were classified as low effectiveness, and 930 sites were open-access.
Fish species, abundance and size classes were surveyed using methods described in Edgar
and Stuart-Smith [18]. In summary, divers laid a 50 m transect line and surveyed fishes within
Fig 1. Global map showing sites investigated. The density of fill color applied to each marine ecoregion [19] relates to the number of sites surveyed within
it.
doi:10.1371/journal.pone.0140270.g001
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duplicate 5 m strips either side of the line (total area surveyed = 500 m2). All fish species pres-
ent in each survey were identified, and their abundances and sizes estimated. Fish lengths were
allocated into 2.5 cm bins to 15 cm, 5 cm bins between 15 and 40 cm, and to 12.5 cm bins for
fish larger than 50 cm. Fish biomass was estimated using the abundance and sizes of fishes on
transects and species-specific length-weight relationships provided in Fishbase. When length-
weight relationships were unknown for a species, values were taken from a similarly-shaped
relative. Fish surveys under the RLS program were conducted by both professional scientists
and trained volunteer divers. Prior assessment of data quality showed no significant difference
between these two groups [20]. Training of volunteer divers and data quality control processes
are outlined in Edgar and Stuart-Smith [18].
For data analyses, fishes were divided into four major trophic groups: higher carnivores,
benthic carnivores, planktivores and herbivores, based on dietary information obtained from
Fishbase (www.fishbase.org). If insufficient information was available for a particular species,
the closest relative was used as a proxy. Higher carnivores were those fishes with diets primarily
composed of other fishes, decapods and cephalopods. Benthic carnivores fed predominantly
on invertebrate fauna, most commonly peracarid crustaceans, molluscs, polychaetes, sponges
or corals. Herbivorous species included all fishes for which algal food sources formed a major
part of the diet. This group included detritivorous and omnivorous species, as well as scraping
and excavating parrotfishes. It thereby covered a diverse range of more specialized trophic
groups and functional roles [21].
Regardless of trophic level, larger fishes are less likely to be negatively affected through pre-
dation by large carnivores. Thus, trophic groups were also sub-categorized into three size clas-
ses: small (<7.5 cm), medium (7.5–30 cm) and large (>30 cm), depending on the observed size
of fishes during the surveys.
Statistical analysis
Linear Mixed Models (LMMs) were applied using all sites within an ecoregion to compare the
effect of protection, adjusting for five important environmental and anthropogenic covariates.
These covariates represented factors found to influence the spatial patterns of biomass in prior
analyses [3,22]. Environmental data, including annual mean sea surface temperature (SST),
SST range and photosynthetically-active radiation (PAR-mean), were extracted from Bio-Ora-
cle [23] (S2 Table). PAR-mean was calculated by averaging daily PAR for each month and then
across the year [23]. A human population index (Pop index) was calculated by fitting a
smoothly tapered surface to each settlement point created with the glp00g gridded world popu-
lation density dataset (http://sedac.ciesin.columbia.edu/data/collection/gpw-v3/sets/browse).
The quadratic Kernel function was applied, as described in Silverman [24]. Populations were
screened to only include populations with density greater than 1000 people per 0.04° cell. The
values did not directly represent the population values since they were both modelled (qua-
dratic) and smoothed. However, these values provide a comparative index of population den-
sity/pressure.
Of ten environmental and anthropogenic covariates examined (S2 Table), SST mean, SST
range, PAR-mean and the population index had the greatest influences on the biomass of the
four trophic groups (Fig 2). Consequently, analyses of MPA effects first accounted for these
four factors, plus the random effects of site nested hierarchically within ecoregion [19], which
in turn was nested within realm.
The effect of MPA protection on the different trophic groups was assessed using LMMs,
with MPA protection introduced after the influences of other variables (SST mean, SST range,
PAR, Pop index) were considered in models. This allows us to test the influence of protection
Positive Response to Protection of Reef Fishes at All Trophic Levels
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while considering other factors, which affected the observed biomass of the different trophic
groups. This same model was also applied to test for differences in biomass of the size classes of
different trophic groups:
yrei ¼ m þ b1SSTmeani þ b2SSTrangei þ b3PARmeani þ b4POPindexi
þ b5Protectioni þ dr þ gre þ εrei ð1Þ
where yrei = log (total biomass of fishes + 100, in g) at the ith site, given the effects of SST mean,
SST range, PAR-mean and human population, conducted in the Ecoregion e and Realm r; μ =
overall mean; β1,2,3,4,5 = effect of SST mean (1), SST range (2), PAR mean (3) and Pop index (4)
and Protection (5) on the mean; δr = effect of the rth realm; γre = effect of the eth ecoregion
within the rth realm (both realm and ecoregion are random effects); εrei = residual error. Due
to the absence of some trophic groups in some sites surveyed, we added a constant (= 100) to
all raw fish biomass [ln(y+100)]. Given that biomass was scaled in grams, the addition of 100 g
to the transect was chosen as a reasonable ecological value for the step between no biomass and
minimum observed biomass [25]. A 4th root transformation of biomass was also tested, and
provided similar outcomes as the log transformation. Results from the log transformation are
presented here so that the effect size can be presented as % difference in biomass.
Effects of the two effectiveness categories of MPAs relative to open-access areas were esti-
mated within LMMs by estimating the log ratios of biomass (log(biomassMPA/biomassO-
PEN)). These were obtained from the coefficient for Protection, β5 and were transformed into
% increment in biomass, by 100(exp(β5)-1). P-values generated were based on the Wald
Fig 2. Percentage difference in biomass (± 95% confidence intervals) for covariates investigated.
Percentage difference in biomass per 1°C change in mean sea surface temperature (A), 1°C change in the
annual range in sea surface temperature (B), 1 Einstein/m2/day change in annual mean photosynthetically-
active radiation (C), and a single unit increase in the index of local population density (D) for each of the four
trophic groups. Ratios were obtained from the β coefficients and transformed into % increment in biomass, by
100*(exp(β)-1). Asterisks denote statistically significant difference (p<0.05).
doi:10.1371/journal.pone.0140270.g002
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statistic. Likelihood ratio tests (LRT) were also applied; nevertheless, due to the very large sam-
ple size, conclusions were the same as with the LMMs, so LRT results are not additionally pre-
sented here.
Numerous ecoregions did not have sites within both MPAs and open-access areas. Conse-
quently, additional LMMs were constructed with a subset that included the reduced set of 35
ecoregions that contained representatives of two zone types (protected areas vs open-access
zones). Similar results were found with this subset of the data compared with the results obtained
using the whole data set; therefore, results presented were based on the complete data set.
All statistical analyses were performed in R-Studio using the package nlme [26].
Results
The population index was used as a proxy for human pressure, and had a significant negative
effect on biomass of higher and benthic carnivores (Fig 2). The three environmental covariates,
SST mean, SST range and PAR-mean, also had significant effects on fish biomass. However,
only SST mean was significant for all four trophic groups (Fig 2). PAR-mean had a significant
positive effect for biomass of planktivores and herbivores. SST range had a significant negative
effect on biomass of higher carnivores, planktivores and herbivores (Fig 2).
Protection from fishing clearly affected reef fish community structure. All trophic groups
possessed significantly higher biomass in effective MPAs compared to open-access areas (Fig
3). The biomass of higher carnivores, herbivores and planktivores were also significantly higher
in less effective MPAs compared to open-access areas (Fig 3), and differences between effective
MPAs and less effective MPAs were only non-significant for planktivores.
Differences in fish biomass between effective MPAs and open-access areas were remarkably
consistent for different fish size classes and trophic groups between tropical and temperate
Fig 3. Percentage difference in biomass of different trophic groups in protected areas relative to
open-access zones. Log ratios of biomass (log(biomassMPA/biomassOPEN)) between effective and less
effective MPAs relative to open-access zones, for each trophic group (± 95% confidence intervals). Ratios
were obtained from the coefficient for Protection, β5, in Eq 1 and transformed into percentage increments in
biomass, by 100*(exp(β5)-1). Asterisks denote a statistically significant difference (p<0.05). The model also
adjusted for SSTmean, SST range, PAR-mean and human population.
doi:10.1371/journal.pone.0140270.g003
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realms (Fig 4). Biomass of large fishes (maximum length>30 cm) was significantly higher
than in open-access areas for all four trophic groups, in both tropical and temperate zones. Bio-
mass of medium-sized fishes (7.5–30 cm) in effective MPAs was also higher for most of the tro-
phic groups in the tropics and temperate regions, with the exception of medium-sized benthic
carnivores in temperate zones and medium-sized herbivores in the tropics. For the small size
classes (<7.5 cm), planktivores were recorded in significant higher biomass in effective MPAs
in the tropics. Small higher carnivores and planktivores exhibited significant higher biomass in
effective temperate MPAs (Fig 4). Although some groups exhibited similar biomass across
MPAs and open-access areas, no size classes of any trophic group had significantly lower bio-
mass in effective MPAs relative to open access areas.
Discussion
Our results show clear differences in fish community structure due to protection from fishing in
effective MPAs (i.e. no-take, with medium to high enforcement and over 5 years old). Higher
biomass of large predatory species was particularly marked, while the biomass of all other tro-
phic groups was either greater or equal in effective MPAs compared with open-access sites.
Thus, none of the trophic or size groups had negative biomass ratios in MPAs compared with
open-access sites that would indicate patterns for top-down control of the fish community in
the presence of greater biomass of predatory fishes. This result was consistent even when con-
sidering only the MPAs identified as most effective and having the five attributes of protection
outlined in Edgar et al. [3] and known to have elevated biomass of the major groups of
Fig 4. Percentage difference in biomass of the different trophic groups size categories in temperate
and tropical areas. Log ratios of fish biomass (log(biomassMPA/biomassOPEN)) between trophic and body
size groups in effective MPAs in temperate (A) and tropical (B) regions, relative to open access zones (± 95%
confidence intervals). Small fishes <7.5 cm; medium fishes from 7.5 to 30 cm; large fishes >30 cm. Ratios
were obtained from the coefficient for Protection, β5, and transformed into percentage increments in biomass,
by 100*(exp(β5)-1). Asterisks denote a statistically significant difference (p<0.05). The model also adjusted
for SST mean, SST range, PAR-mean and human population.
doi:10.1371/journal.pone.0140270.g004
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predatory and exploited species. This does not imply that cascading trophic interactions have
not occurred in effective MPAs, as our study did not look at individual species, but rather at the
scale of whole trophic size groups. However it does present two clear, novel outcomes with
respect to general MPA effects: (1) that protection from fishing appears to favor all trophic
groups, some much more than might be expected (e.g. medium-sized planktivores); and (2) that
regardless of whether cascading trophic interactions occur within MPAs, the disparity in the
biomass ratios between MPAs and open access sites for the different size-classes of trophic
groups implies a trophic re-organisation that is likely to have substantial consequences for eco-
logical functions.
Higher biomass in all trophic groups
Our findings are also in accordance with previous studies [7,27] that show higher fish biomass
in effective MPAs [28]. As predicted, the greatest difference involved large higher carnivores.
However, none of the trophic groups showed lower biomass in MPAs in relation to open-
access sites, implying that impacts of exploitation across marine food webs may often be
underestimated.
Preferential targeting of large herbivorous species has been well documented in many tropi-
cal regions [14,15], and is opposite to the effect of the fishing down the food web [28]. We sug-
gest that while large-scale commercial fisheries, which operate in deep and pelagic offshore
waters, may often first remove higher trophic level species, exploitation of reef species from
shallow, coastal waters, including artisanal fisheries and recreational anglers, is less trophically-
selective. If correct, then caution is needed when applying the widely used Marine Trophic
Index [29] as an indicator for fishing impacts in shallow reef habitats. A highly consistent
response among larger size classes of all trophic groups supports hypotheses that fishing
impacts are more size-based than focused on particular trophic groups.
Despite the apparently greater importance of size than trophic group, differences of biomass
between effective MPAs and open-access sites were unequal across trophic groups. The bio-
mass difference was greatest for large higher and benthic carnivores in general, with a more
pronounced difference in effective MPAs. The simplest explanation is that fishing has had the
greatest impact on these groups outside effective MPAs. This is supported by a significantly
lower biomass of carnivorous fishes in locations with highest human population density (Fig
2). Nevertheless, at least two other mechanisms associated with protection could also poten-
tially lead to this result: (1) biomass recovery may be faster for large carnivorous fishes, and (2)
predation pressure by large higher carnivores and benthic carnivores may limit potential
increases in biomass of other groups, rather than reducing their biomass.
The first of these two alternative explanations is plausible, given that individual growth is
generally rapid in piscivorous fishes, and that many of the effective MPAs studied were still
young relative to the time required for growth of individual fishes. Only 40% of effective MPAs
investigated were more than 10 years old, and thus much of the recorded differences in biomass
is likely to be associated with direct recovery of fished species [30,31].
A short time frame also supports the second alternative explanation, in that predator biomass
is still likely increasing and may not yet have reached the point where prey biomass suppression
is evident. Furthermore, top down control may never manifest if the impact of fishing on smaller
sizes and/or lower trophic groups is greater than predation pressure from large predatory fishes
alone. Thus, in some cases the top-down pressure from humans may be of much greater magni-
tude than that exerted by predatory fishes in completely unexploited communities.
Our results likely represent a combination of the two potential mechanisms described
above, with additional complexity added by recruitment, competition, oceanographic
Positive Response to Protection of Reef Fishes at All Trophic Levels
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conditions, isolation, predation from higher vertebrates and invertebrates, and habitat struc-
ture. With respect to habitat structure, we conducted additional analyses using a subset of sites
(482) for which we had data on the structure of the reef, scored using an index of vertical relief
(S1 Appendix). Higher relief index values were associated with elevated biomass of higher car-
nivores, benthic carnivores and planktivores (S1 Fig), confirming the importance of structural
complexity in supporting greater fish biomass in general [32]. After accounting for complexity
in this subset of sites, the effect of protection remained consistent with those from analysis of
the full dataset (S2 Fig). Thus, both protection and relief have significant effects on the biomass
of fish independently, but our conclusions relating to MPA effects are unlikely confounded by
habitat complexity.
Another potential source of bias is that faster moving fish are typically oversampled in
underwater visual censuses [33]. This should not affect conclusions if the bias is systematic
between fished and unfished locations, but if behavioural patterns change in MPAs, with
attraction to divers, then the magnitude of difference between fished and unfished locations for
large carnivores will be overstated.
When differences in fish biomass between MPAs and open-access sites across the various
size and trophic groups are considered together, our data suggest that protected reef fish com-
munities probably function quite differently to those in fished locations. As shown in Fig 4,
larger carnivorous fishes are present in proportionally greater biomass in effective MPAs com-
pared to open-access sites, and this is likely to have important ecological implications. For
example, a substantial shift to larger herbivores may increase resilience in coral reef locations
[34], while recovery of large predators in a temperate MPA has been hypothesized to contrib-
ute to ecosystem resistance to tropicalisation [35].
Other drivers of reef fish trophic structure
SST mean was positively related to the biomass of the four trophic groups, which aligns with
the latitudinal gradient in total fish biomass [36,37]. Furthermore, SST range was negatively
related to the biomass of three of the trophic groups. High variation in SST throughout the
year is typical of high latitudes and sheltered embayments [38,39]. Interestingly, benthic carni-
vores were least affected by extreme seasonality, possibly reflecting greater stability in food
sources in such areas, or possibly more varied generalist behavioral and feeding strategies
within this very broad group of fishes. Biomass of planktivores and herbivores showed a signifi-
cant positive relationship with PAR-mean, as would be expected based on increased productiv-
ity of benthic algal and phytoplankton-driven food sources [40].
A trend for decreasing fish biomass with increasing human population density is an increas-
ingly common finding of broad-scale studies [3,17,30,41,42]. Our results expand on prior
results by suggesting a greater negative impact on carnivorous species than herbivores or
planktivores when examined at the global level. This result, and the substantial variability in
the effect of human population density on herbivorous and planktivorous species, likely reflects
stronger regional inconsistencies in exploitation of these two groups, as well as patchy impacts
associated with habitat degradation near population centers. Other factors that potentially con-
tributed to observed results, but were not considered in this study, include the possible increase
in other predators such as seals [43] and lobsters [30] in effective MPAs.
In conclusion, effective MPAs provide protection for multiple components of food webs,
not just larger carnivorous fishes. General trends of top-down control by larger predator fish
on smaller fish were less pronounced in our global analysis than prior reports for particular
species at some individual MPAs. Elevated biomass of particular trophic and size groups will
inevitably result in variability of local ecological processes. Human impacts on reef fish
Positive Response to Protection of Reef Fishes at All Trophic Levels
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community structure were inferred to be stronger than top-down control by the larger preda-
tory species when considered at the global scale; however, more time is needed for fish commu-
nities within the global MPA network to re-organize to the point where indirect trophic effects
of fishing are strongly defined.
Supporting Information
S1 Appendix. Assessment of potential confounding of MPA effects by variation in habitat
complexity.
(DOCX)
S1 Fig. Percentage difference in biomass (± 95% confidence intervals) for relief index. Per-
centage difference in biomass for 1 unit increase in the relief index (range 1–4) for each of the
four trophic groups. The ratios were obtained from the coefficient for Relief, β5, from the LMM
equation (S1 Appendix) and transformed into percentage increments in biomass, by 100(exp
(β5)-1). Asterisks denote a statistically significant difference (p<0.05).
(TIF)
S2 Fig. Percentage difference in biomass (± 95% confidence intervals) of the different tro-
phic groups in protected areas relative to open-access zones when accounting for, and not
accounting for, the relief index. Log ratios of biomass (log(biomassMPA/biomassOPEN))
with relief index and without relief index included in the LMMs. The difference in biomass in
effective MPAs were relative to open-access zones, for each trophic group (± 95% confidence
intervals). Ratios were obtained from the coefficient for Protection, β6, from the LMM equation
(S1 Appendix) and transformed into percentage increments in biomass, by 100(exp(β6)-1).
Asterisks denote a statistically significant difference (p<0.05). The LMMmodel also adjusted
for SST mean, SST range, PAR-mean and human population.
(TIF)
S1 Table. Marine Protected Areas (MPAs) level of effectiveness and number of sites. Some
MPAs had sites that differed in level of effectiveness.
(DOCX)
S2 Table. Covariates used as predictors in linear mixed models. PAR-mean, Nitrate, Phos-
phate, Silicate, Chlomean, SST range and SST mean were obtained from Bio-ORACLE [23].
Pop index was calculated using the quadratic kernel function described by [24].
(DOCX)
Acknowledgments
We thank the many Reef Life Survey (RLS) divers who collected the data. We are grateful to
the many park officers and colleagues who assisted the study by providing permits and assist-
ing with field activities, and to numerous marine institutions worldwide for hosting survey
trips. We also thank Carolina Garcia Imhof for support and revision of this manuscript.
Author Contributions
Conceived and designed the experiments: GJE RDS-S. Performed the experiments: GAS GJE
RJT SK RDS-S SJC TPD NSB ATFB TJW. Analyzed the data: GAS RJT SK DEG TJA. Contrib-
uted reagents/materials/analysis tools: GJE RDS-S GAS. Wrote the paper: GAS GJE RJT SK
RDS-S SJC TPD NSB ATFB TJW TJA. Prepared figures: TJA GAS RJT SK DEG.
Positive Response to Protection of Reef Fishes at All Trophic Levels
PLOS ONE | DOI:10.1371/journal.pone.0140270 October 13, 2015 10 / 12
References
1. Walters CJ, Holling CS. Large-scale management experiments and learning by doing. Ecology. 1990;
71:2060–8.
2. Willis TJ, Millar RB. Using marine reserves to estimate fishing mortality. Ecology Letters. 2005; 8:47–
52.
3. Edgar GJ, Stuart-Smith RD, Willis TJ, Kininmonth S, Baker SC, Banks S, et al. Global conservation out-
comes depend on marine protected areas with five key features. Nature. 2014; 506(7487):216–20.
Epub 2014/02/07. doi: 10.1038/nature13022 PMID: 24499817.
4. Ban NC, Cinner JE, Adams VM, Mills M, Almany GR, Ban SS, et al. Recasting shortfalls of marine pro-
tected areas as opportunities through adaptive management. Aquatic Conservation: Marine and Fresh-
water Ecosystems. 2012; 22(2):262–71. doi: 10.1002/aqc.2224
5. Jones PJ. Marine protected area strategies: issues, divergences and the search for middle ground.
Reviews in Fish Biology and Fisheries. 2002; 11(3):197–216.
6. Kingsland SE. Creating a science of nature reserve design: perspectives from history. Environmental
Modeling & Assessment. 2002; 7(2):61–9.
7. Micheli F, Halpern BS, Botsford LW, Warner RR. Trajectories and correlates of community change in
no-take marine reserves. Ecological Applications. 2004; 14(6):1709–23.
8. Sala E, Boudouresque CF, Harmelin-Vivien M. Fishing, trophic cascades, and the structure of algal
assemblages: Evaluation of an old but untested paradigm. Oikos. 1998; 82(3):425–39.
9. Steneck RS. Human influences on coastal ecosystems: does overfishing create trophic cascades?
Trends in Ecology & Evolution. 1998; 13(11):429–30. doi: 10.1016/S0169-5347(98)01494-3
10. Graham NAJ, Evans RD, Russ GR. The effects of marine reserve protection on the trophic relation-
ships of reef fishes on the Great Barrier Reef. Environmental Conservation. 2003; 30(2):200–8.
11. Willis TJ, AndersonMJ. Structure of cryptic reef fish assemblages: Relationships with habitat character-
istics and predator density. Marine Ecology Progress Series. 2003; 257:209–21.
12. Hollowed AB, Bax N, Beamish R, Collie J, Fogarty M, Livingston P, et al. Are multispecies models an
improvement on single-species models for measuring fishing impacts on marine ecosystems? ICES
Journal of Marine Science: Journal du Conseil. 2000; 57(3):707–19. doi: 10.1006/jmsc.2000.0734
13. Stewart BD, Jones GP. Associations between the abundance of piscivorous fishes and their prey on
coral reefs: implications for prey-fish mortality. Marine Biology. 2001; 138(2):383–97. doi: 10.1007/
s002270000468
14. Edwards CB, Friedlander A, Green A, Hardt M, Sala E, Sweatman H, et al. Global assessment of the
status of coral reef herbivorous fishes: evidence for fishing effects. Proceedings of the Royal Society B:
Biological Sciences. 2014; 281(1774):20131835. doi: 10.1098/rspb.2013.1835 PMID: 24258715
15. Mumby PJ, Dahlgren CP, Harborne AR, Kappel CV, Micheli F, Brumbaugh DR, et al. Fishing, trophic
cascades and the process of grazing on coral reefs. Science. 2006; 311:98–101. PMID: 16400152
16. Kellner JB, Litvin SY, Hastings A, Micheli F, Mumby PJ. Disentangling trophic interactions inside a
Caribbean marine reserve. Ecological Applications 2010; 20:1979–92. PMID: 21049884
17. Jennings S, Polunin NVC. Impacts of predator depletion by fishing on the biomass and diversity of non-
target reef fish communities. Coral Reefs. 1997; 16(2):71–82. 0722–4028,16,2,71–82,1997.
18. Edgar GJ, Stuart-Smith RD. Systematic global assessment of reef fish communities by the Reef Life
Survey program. Scientific Data. 2014; 1.
19. Spalding MD, Fox HE, Allen GR, N D, Ferdaña ZA, Finlayson M, et al. Marine ecoregions of the world:
a bioregionalization of coastal and shelf areas. Bioscience. 2007; 57:573–83.
20. Edgar GJ, Stuart-Smith RD. Ecological effects of marine protected areas on rocky reef communities: a
continental-scale analysis. Marine Ecology Progress Series. 2009; 388:51–62.
21. Bellwood DR, Hughes TP, Hoey AS. Sleeping Functional Group Drives Coral-Reef Recovery. Current
Biology. 2006; 16(24):2434–9. PMID: 17174918
22. Stuart-Smith RD, Bates AE, Lefcheck JS, Duffy JE, Baker SC, Thomson RJ, et al. Integrating abun-
dance and functional traits reveals new global hotspots of fish diversity. Nature. 2013; 501(7468):539–
42. doi: 10.1038/nature12529 PMID: 24067714
23. Tyberghein L, Verbruggen H, Pauly K, Troupin C, Mineur F, De Clerck O. Bio-ORACLE: a global envi-
ronmental dataset for marine species distribution modelling. Global Ecology and Biogeography. 2012;
21(2):272–81. doi: 10.1111/j.1466-8238.2011.00656.x
24. Silverman B. Density estimation for statistics and data analysis. Hall C, editor. New York: Chapman
and Hall; 1986. 175 p.
Positive Response to Protection of Reef Fishes at All Trophic Levels
PLOS ONE | DOI:10.1371/journal.pone.0140270 October 13, 2015 11 / 12
25. Ortiz M, Legault C, Ehrhardt N. An alternative method for estimating bycatch from the US shrimp trawl
fishery in the Gulf of Mexico, 1972–1995. Fishery Bulletin. 2000; 98(3):583–99.
26. R-Core-Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. ISBN 3-900051-07-0. Available: http://www.R-project.org/. 2014.
27. Halpern BS. The impact of marine reserves: Do reserves work and does reserve size matter? Ecologi-
cal Applications. 2003; 13 (Suppl):117–37.
28. Pauly D, Christensen V, Froese R, Palomares ML. Fishing down aquatic food webs: Industrial fishing
over the past half-century has noticeably depleted the topmost links in aquatic food chains. American
Scientist. 2000; 88(1):46–51.
29. Pauly D, Watson R. Background and interpretation of the ‘Marine Trophic Index’as a measure of biodi-
versity. Philosophical Transactions of the Royal Society B: Biological Sciences. 2005; 360(1454):415–
23.
30. Babcock RC, Shears NT, Alcala A, Barrett NS, Edgar GJ, Lafferty KD, et al. Decadal trends in marine
reserves reveal differential rates of change in direct and indirect effects. Proceedings of the National
Academy of Sciences of the United States of America. 2010; 107:18251–5.
31. Edgar GJ, Barrett NS, Stuart-Smith RD. Exploited reefs protected from fishing transform over decades
into conservation features otherwise absent from seascapes. Ecological Applications. 2009; 19:1967–
74. PMID: 20014571
32. Rogers A, Blanchard JL, Mumby PJ. Vulnerability of coral reef fisheries to a loss of structural complex-
ity. Current Biology. 2014; 24(9):1000–5. doi: 10.1016/j.cub.2014.03.026 PMID: 24746794
33. Ward-Paige C, Flemming JM, Lotze HK. Overestimating fish counts by non-instantaneous visual cen-
suses: consequences for population and community descriptions. Plos One. 2010; 5(7):e11722. doi:
10.1371/journal.pone.0011722 PMID: 20661304
34. Hughes TP, Rodrigues MJ, Bellwood DR, Ceccarelli D, Hoegh-Guldberg O, McCook L, et al. Phase
shifts, herbivory, and the resilience of coral reefs to climate change. Current Biology. 2007; 17(4):360–
5. doi: 10.1016/j.cub.2006.12.049 ISI:000244463100028. PMID: 17291763
35. Bates AE, Barrett NS, Stuart-Smith RD, Holbrook NJ, Thompson PA, Edgar GJ. Resilience and signa-
tures of tropicalization in protected reef fish communities. Nature Climate Change. 2014; 4(1):62–7.
doi: 10.1038/nclimate2062 Available: http://www.nature.com/nclimate/journal/v4/n1/abs/nclimate2062.
html#supplementary-information.
36. Gaston KJ. Global patterns in biodiversity. Nature. 2000; 405(6783):220–7. PMID: 10821282
37. Hillebrand H. On the generality of the latitudinal diversity gradient. The American Naturalist. 2004; 163
(2):192–211. PMID: 14970922
38. Edgar GJ, Shaw C. The production and trophic ecology of shallow-water fish assemblages in southern
Australia. I. Species richness, size-structure and production of fishes in Western Port, Victoria. Journal
of Experimental Marine Biology and Ecology. 1995; 194(1):53–81. 0022–0981,194,1,53–81,1995.
39. Edgar GJ, Shaw C. The production and trophic ecology of shallow-water fish assemblages in southern
Australia. III. General relationships between sediments, seagrasses, invertebrates and fishes. Journal
of Experimental Marine Biology and Ecology. 1995; 194(1):107–31. 0022–0981,194,1,107–131,1995.
40. Kelble CR, Ortner PB, Hitchcock GL, Boyer JN. Attenuation of photosynthetically available radiation
(PAR) in Florida Bay: Potential for light limitation of primary producers. Estuaries. 2005; 28(4):560–71.
41. Barrett NS, Edgar GJ, Buxton CD, Haddon M. Changes in fish assemblages following 10 years of pro-
tection in Tasmanian marine protected areas. Journal of Experimental Marine Biology and Ecology.
2007; 345(2):141–57.
42. Mora C, Aburto-Oropeza O, Ayotte PM, Banks S, Bauman AG, Beger M, et al. Global human footprint
on the linkage between biodiversity and ecosystem functioning in reef fishes. PLoS Biology. 2011; 9(4):
e1000606. doi: 10.1371/journal.pbio.1000606 PMID: 21483714
43. Kelaher BP, Tan M, FigueiraWF, Gillanders BM, Connell SD, Goldsworthy SD, et al. Fur seal activity
moderates the effects of an Australian marine sanctuary on temperate reef fish. Biological Conserva-
tion. 2015; 182:205–14.
Positive Response to Protection of Reef Fishes at All Trophic Levels
PLOS ONE | DOI:10.1371/journal.pone.0140270 October 13, 2015 12 / 12
